To gain insight into why antibody responses to malarial antigens tend to be short lived, we studied antigenspecific memory B cells from donors in an area where malaria is endemic. We compared antibody and memory B cell responses to tetanus toxoid with those to 3 Plasmodium falciparum candidate vaccine antigens: the Cterminal portion of merozoite surface protein 1 (MSP1 19 ), apical membrane antigen 1 (AMA1), and the cysteinerich interdomain region 1a (CIDR1a) of a protein from the P. falciparum erythrocyte membrane protein 1 (PfEMP1) family. These data are the first to be generated on memory B cells in children who are in the process of acquiring antimalarial immunity, and they reveal defects in B cell memory to P. falciparum antigens. Compared with the results for tetanus toxoid, more donors who were positive for antibody to AMA1 and CIDR1a were negative for memory B cells. These data imply that some exposures to malaria do not result in the establishment of stable populations of circulating antigen-specific memory B cells, suggesting possible mechanisms for the short-lived nature of many anti-malarial antibody responses.
loss of antibody responses may delay acquisition of immunity.
We used an enzyme-linked immunospot (ELISPOT)-based method [9] [10] [11] [12] [13] [14] to assess memory B cell responses to tetanus toxoid and to 3 Plasmodium falciparum blood-stage antigens. It is thought that immunity to all 3 of these P. falciparum antigens is important for immunity in naturally exposed populations, and all of them are vaccine candidates. MSP1 19 (the C-terminal portion of MSP1, also called "MSP1 block 17") is directly involved in invasion of red blood cells by the parasite, and its proteolytic processing is required for successful invasion [15] . AMA1 is thought to be involved in the late stages of parasite binding and/or in orientation of the invading parasite relative to red blood cells [16] . P. falciparum erythrocyte membrane protein 1 (PfEMP1) is a highly polymorphic family of large (260-380 kDa) proteins that the parasite expresses on the surface of infected red blood cells. The cysteinerich interdomain region 1a (CIDR1a) of the Malayan Camp PfEMP1 was also used as an antigen. Antibodies to MSP1 19 and AMA1 inhibit invasion of red blood cells [15, 17, 18] ; immunization with any of these 3 antigens has been shown to be protective in animal models [15, 19] , and antibodies to MSP1 19 , AMA1, and surface proteins of infected red blood cells (which includes PfEMP1 proteins) have been shown to be associated with protection against clinical disease and/or high parasitemia in field studies [20] [21] [22] [23] [24] . Additionally, CIDR1a is thought to be involved in immune dysregulation [25, 26] and the pathogenesis of severe malarial disease [27] .
Here, we assessed antibody and memory B cell responses to these 3 P. falciparum antigens and compared them with the responses to tetanus toxoid. In Kenya, tetanus toxoid is usually given as a single course of immunization during infancy, with few opportunities for booster immunizations. Little or no boosting by natural exposure to tetanus toxin is expected [28, 29] . Therefore, we expect most immunity to tetanus toxoid in this population to be the result of long-lasting immunity; thus, the pattern of immunity to tetanus toxoid makes for a suitable benchmark against which patterns of immunity to malarial antigens can be compared. We observed that AMA1-and CIDR1a-specific memory B cells are undetectable in a much larger proportion of donors with specific antibody than is so for tetanus toxoid. These and other data suggest that some exposures to malaria do not result in the establishment of stable populations of circulating antigen-specific memory B cells.
DONORS, MATERIALS, AND METHODS

Study population.
Venous blood samples were collected from 15 adults (up to 15 mL) and 57 children (up to 5 mL; age range, 5-112 months; median age, 48 months) resident in Ngerenya, Kilifi District, Kenya [30] , during April and May 2004, just before the main malaria season. Entomological inoculation rates in the area are generally 1-10 infective bites/person/year [31] . The children involved in the present study were members of a cohort who were being followed by active surveillance for mild episodes of malaria [32] . At the time the samples were collected, all donors were tested for parasitemia by blood slide; very few were positive (6/57 children and 0/15 adults), compared with the observations from previous years [33] , presumably because the malaria season before the samples were collected was mild. Ethics approval was granted by the Kenya Medical Research Institute National Ethical Committee. Informed consent was obtained from the adult donors and from the parents or guardians of child donors.
Antigens. Tetanus toxoid was obtained from the National Institute for Biological Standards and Control (Hertfordshire, United Kingdom); AMA1 was a gift from M. Blackman, National Institute for Medical Research (NIMR; London, United Kingdom); MSP1 19 was a gift from W. Morgan and A. Holder, NIMR; and CIDR1a [34] was expressed as described elsewhere [35] . Keyhole limpet hematocyanin (Sigma) served as a negative control.
Detection of antibody in plasma samples. Antibody levels were determined by ELISA in Falcon Pro-Bind 96-well plates (Becton Dickenson). Wells were coated with antigen and then blocked with PBS containing 0.05% Tween-20 and 2% Marvel nonfat dry milk (PBSTM). Plasma samples, diluted to a concentration of 1:300 in PBSTM, were incubated in duplicate; plates were developed with horseradish peroxidase-conjugated rabbit anti-human IgG (Dako) followed by o-phenylene diamine (Sigma). Optical density (OD) was read at 492 nm, and antibody levels are reported as log-transformed OD units. The dilution was chosen on the basis of a titration of known immune and nonimmune serum samples. All ELISAs for a given antigen were performed together. Detection of memory B cells. The assay was based on previous protocols [10] [11] [12] [13] [14] . Peripheral-blood mononuclear cells (PBMCs) were recovered by centrifugation over lymphoprep (Axis-Shield PoC AS) and were precultured in 24-well plates at cells/well for 5 days (37ЊC and 5% CO 2 ) in nutrient- 5 8 ϫ 10 supplemented RPMI 1640 medium with 10% fetal calf serum (FCS; Sigma), 0.5 mg/mL pokeweed mitogen (Sigma), and a dilution of Staphylococcus aureus strain Cowan extract
Ϫ4
1 ϫ 10 (Sigma). ELISPOT plates (Millipore) were precoated with test antigen or rabbit anti-human IgG (Dako) and were blocked with 10% FCS. After preculture, cells were washed and divided between antigen-and anti-IgG-coated wells. After 7-9 h, plates were developed with horseradish peroxidase-conjugated rabbit anti-human IgG (Dako) in PBSTM followed by 3-amino-9-ethylcarbazole (AEC; Sigma) in 50 mmol/L acetate (pH 5.0). Cultures producing !7 IgG spot-forming cells/5000 starting PBMCs rarely appeared to be positive for antigen-specific memory B cells and were therefore rejected. This lead to the exclusion of 5 of the 57 children and 2 of the 15 adults, failure rates similar to those observed previously [36] . Responses to MSP1 19 were analyzed in samples from 39 children and 5 adults only, and responses to CIDR1a were analyzed in samples from 24 children and 11 adults only. Calculation of memory B cell frequencies. All cells available from each sample were precultured at a concentration of cells/well, with a mean of 6.1 wells tested/sample (me-5 8 ϫ 10 dian, 5; interquartile range, 4-7). A well was measured as positive if any antigen-specific antibody secreting cells (i.e., spotforming cells) were detected in the ELISPOT assay at the end of the preculture, because it must have been seeded by at least 1 responding memory B cell specific for the antigen in question.
To estimate the frequency of memory B cells in the original PBMC sample, we considered the proportion of wells positive for each donor to be an approximation of the true likelihood of positivity for each well. This allowed us to use a poisson distribution calculation to estimate the precursor frequency for the antibody-secreting cells, which is the frequency of memory B cells in the original PBMC sample. Where all wells were positive, it was not possible to fit a poisson distribution to a 100% likelihood of positivity. Instead, we substituted a value as if a half well were negative (for tetanus toxoid, ; for n p 9 AMA1, ; and for MSP1 19 and CIDR1a, ). Where n p 1 n p 0 all wells were negative, we assigned a precursor frequency of 0. For the purposes of comparison with some previous studies, we also calculated the frequency per 1 ϫ 10 6 B cells (within PBMCs) [12, 37, 38] and the proportion of IgG-secreting cells that were antigen specific [11] [12] [13] [14] . We noted that the estimated frequency per PBMCs correlated well with the proportion of IgG-secreting cells that were antigen specific ( , r p 0.758 r p , , and , for tetanus toxoid, AMA1, 0.855 r p 0.936 r p 0.800 MSP1 19 , and CIDR1a, respectively).
Statistical analysis. Stata (version 8.2; StataCorp) was used for analysis. Antibody positivity was determined as 12 SDs above the mean of OD units for 10 negative donors. For P. falciparum antigens, negative donors were unexposed Europeans. For tetanus toxoid, donors were neonates presenting to Kilifi District Hospital with neonatal tetanus and their unimmunized mothers. Data for antibody levels (optical densities) were normalized by log transformation before analysis. Samples classified as negative were assigned one-half the cutoff value for all regression, correlation, and line-fit calculations. In ELISPOT assays, spot-forming cells were counted by use of an ELISPOT plate reader (Autoimmun Diagnostika; version 3.0) and were confirmed by visual inspection. PBMC yield varied, so varying numbers of cultures were analyzed per donor, and donors who had more cultures analyzed were more likely to be positive. We accounted for this when memory B cell frequency was compared with other variables as follows: b coefficients, r values, significance levels, and errors were calculated by linear regression and were adjusted by including the logarithm of the number of wells tested as an additional explanatory variable in the linear regression model. All comparisons of proportions positive or negative were tested for significance by Fisher's exact test; was considered to be statistically P ! .05 significant.
RESULTS
Estimation of memory B cell frequencies and correlation with antibody levels.
It was an open question whether memory B cells would be observed at all. However, memory B cells specific for each P. falciparum antigen were detected in some children and adults and at frequencies just below those found for tetanus toxoid (figure 1). There were no significant differences between the children and adults, except that more adults had CIDR1a-specific memory B cells than did children (7/11 [64%] adults vs. 5/24 [21%] children;
). P p .019 The frequencies of tetanus toxoid-specific memory B cells measured here (figure 1) were similar to previous frequencies of memory B cells specific for tetanus toxoid [38] , hepatitis B surface antigen [10] , and vaccinia virus (if immunized 11 year before) [13] and yet were lower than frequencies of tetanus toxoid-specific memory B cells measured in other studies [11, 37] . One study found that the frequency of memory B cells specific for tetanus toxoid and diphtheria toxoid increased with the number of previous booster immunizations [11] ; low booster rates may explain the lower frequencies of tetanus toxoid-specific memory B cells found here.
Correlations between memory B cell frequencies and serum antibody levels are generally interpreted to suggest that memory B cells give rise to the plasma cells that produce the serum antibody that persists beyond exposure [12, 13] . We found correlations between antibody levels and memory B cell frequencies for all antigens except CIDR1a, for which the trend was present but not significant (figure 2).
Different patterns of immune response for P. falciparum antigens than for tetanus toxoid. We wished to understand to what extent there were donors who were negative for memory B cells yet positive for antibody, or the reverse. Responses to tetanus toxoid were used as a model for ideal or near-ideal responsiveness in this population and as a control for any technical difficulties in memory B cell measurement. Among donors who were positive for antibody, the proportion who were negative for memory B cells was significantly higher for AMA1 (49%) and CIDR1a (55%) than for tetanus toxoid (20%) (P p .001 and , respectively) (figure 3), indicating a de-P p .005 fect in the establishment, maintenance, or circulation of specific memory B cells even after exposure sufficient to induce antibody production. Notably, the same effect was seen when data from only the adults were considered: of 13 adults positive for AMA1 antibody, 5 (38%) were negative for memory B cells; and of 7 adults positive for CIDR1a antibody, 2 (29%) were negative for memory B cells. Thus, adults are not substantially different from children with respect to this effect. A higher proportion of donors who were positive for MSP1 19 -specific memory B cells were negative for antibody (5/16), compared with the proportion of donors who were positive for tetanus toxoid-specific memory B cells yet negative for antibody (5/ 46) ( ). P p .07 Correlations with age. AMA1 antibody levels correlated with age ( ; ) (figure 4), as has been previr p 0.566 P ! .0001 ously reported [24, 39] . Correlation between age and MSP1 19 antibody levels has been observed in some studies [40, 41] but not others [42, 43] and was not observed in the present study (data not shown). However, more adults (7/13; 54%) than children (12/52; 23%) were positive for MSP1 19 antibody in the present study ( ). The positivity rate for tetanus toxoid P p .036 antibody ( ; ) and the frequency of tetanus r p Ϫ0.286 P p .039 toxoid-specific memory B cells ( ; ) der p Ϫ0.444 P ! .001 creased with age (figure 4), presumably because of waning immunity, as booster immunizations are presumably rare. Although the positivity rate for AMA1 antibody did correlate with age, there was, surprisingly, no association between the frequency of AMA1-specific memory B cells and age ( ; r p 0.137 ) (figure 4). P p .25
No effect associated with current parasitemia or with history of clinical episodes. All children and adults were tested for current parasitemia by microscopic analysis of blood slides; additionally, these children were under active surveillance for clinical episodes of malaria [32] . There were only 6 children positive for parasites by microscopic analysis of blood slides among those analyzed for AMA1-specific memory B cells, 4 among those analyzed for MSP1 19 -specific memory B cells, and 3 among those analyzed for CIDR1a-specific memory B cells-too few to explain the failure to detect memory B cells in so many donors. Additionally, being positive for AMA1 (or CIDR1a) antibody yet negative for memory B cells was not associated with time since last documented clinical episode of malaria or number of clinical episodes during the previous season or the previous 2 seasons (data not shown).
Lack of substantial bias due to variable success of precultures. Variability of B cell growth in vitro in the stimulation precultures might obscure in vivo variation. In such a case, cross-correlations between positivity for memory B cells specific for different antigens would be expected, because positivity for one antigen would be a partial predictor of positiv- ity for any other. Positivity for AMA1 and MSP1 19 correlated ( ), probably because donors tended to be exposed to P p .03 both antigens simultaneously. Importantly, positivity for AMA1, MSP1 19 , and CIDR1a did not correlate with tetanus toxoid positivity ( , , and , respectively). P p .42 P p .74 P p .26 The health of the culture, as measured by the number of IgG-producing cells per starting PBMCs, may also skew the results, because unhealthy cultures are less likely to be positive for antigen-specific antibody-secreting cells. Positivity for each antigen was compared with the mean number of IgG-producing cells per well; although there was often a trend toward more positive results as IgG-producing cells increased, this trend never reached statistical significance (for tetanus toxoid, P p .081; for AMA1, ; for MSP1 19 , ; and for P p . 16 P p .061 CIDR1a, [ x 2 test for trend of odds]). Taken together, P p .33 these results suggest that our data were not strongly skewed by the bias of some preculture wells performing better than others.
DISCUSSION
The short-lived nature of many immune responses to P. falciparum blood-stage antigens in those acquiring immunity in areas where malaria is endemic may lead one to question whether memory B cells are established at all in such a population. Here, we found memory B cells specific for all 3 antigens tested (figure 1), even in very young children (figure 3 and data not shown) and at frequencies just below those found for tetanus toxoidspecific memory B cells in the same population.
The correlation between memory B cell frequencies and antibody levels has been used by some researchers to test the hypothesis that antibody-secreting plasma cells are drawn from the pool of resting memory B cells, with tetanus toxoid, measles [12] , and vaccinia virus [13] . Others, finding no correlation between responses to tetanus toxoid [11, 38] and diphtheria toxoid [11] in human donors, have suggested that circulating antibody is provided by long-lived plasma cells [44] , which rarely circulate in peripheral blood [45] . Long-lived plasma cells can have a half-life of a few months in mice [46] and, in the absence of memory B cells, might contribute to sustained antibody production for the lifetime of a mouse (1-2 years); but, it is presumed that memory B cells are required to achieve lifelong antibody immunity in humans [47] . Here, we confirmed the correlation between antibody level and memory B cell frequency for tetanus toxoid, and we also observed correlations between antibody levels and memory B cell frequencies for the 3 P. falciparum antigens tested (figure 2). This suggests that B cell memory is a substantial determinant of levels of antibodies to malarial antigens in many individuals.
In Kenya, vaccination with tetanus toxoid is routine during the first 3 months of life; booster vaccination is infrequent. The 10 donors who were positive for antibody to tetanus toxoid but negative for memory B cells were too old to have been recent vaccine recipients who had not yet established memory (the youngest was 13 years old) (figure 4). It seems more likely that some of them had been immunized a long time ago and that their memory B cell frequencies were falling below the detection limit faster than were their antibody levels. Their status as positive for antibody yet negative for memory B cells presumably reflects that, although they no longer had detectable memory B cells, their long-lived plasma cells remained and secreted antibody for some time. It was because of this pattern of immunity, which is relatively easy to explain, that responses to tetanus toxoid were used as a model for ideal or near-ideal responsiveness in this population and as a control for any technical difficulties in memory B cell measurement. More donors who were positive for MSP1 19 -specific memory B cells were negative for antibody (31%), compared with the proportion for tetanus toxoid (11%) ( ) (figure 3). In P p .07 some individuals, hepatitis B antibody levels wane during the years after immunization, and yet memory B cells persist [9, 10, 48] ; these individuals are protected from disease and develop anamnestic antibody responses on revaccination [48] . The persistence of MSP1 19 -specific memory B cells (which needs to be confirmed in subsequent studies) may result in a greater ability to quickly produce new antibody on reinfection.
Importantly, more donors who did not have detectable circulating memory B cells specific for AMA1 (49%) and for CIDR1a (55%) developed antibody responses than did those who did not have detectable memory B cells specific for tetanus toxoid (20%) ( and , respectively) ( figure 3 ). P p .001 P p .005 AMA1 and CIDR1a were tested simultaneously with tetanus toxoid, and we can identify no technical reason to explain this difference. In fact, we suggest above that at least some of the donors who were positive for antibody yet negative for memory B cells were so because their memory B cells were waning as a result of a lack of exposure, which should not apply to P. falciparum antigens in an area endemic for malaria. Notably, some of the donors who were positive for antibody yet negative for memory B cells were adults (for AMA1, 5/13; for CIDR1a, 2/7); although the number of adults analyzed here was small, this finding suggests that these memory B cell defects may persist even in apparently immune adults.
A previous study in adults found a relationship between memory B cell frequencies and serum antibody levels for P. falciparum extract [49] (as we did here for our antigens [ figure  2 ]) yet noted only 1 donor among 18 adults who was positive for antibody yet negative for memory B cells. It seems likely that use of a complex mixture of P. falciparum proteins in the extract may have obscured the effect we observed here, because the donors who were negative for memory B cells specific for one antigen in the extract were, presumably, still likely to be positive for memory B cells specific for another antigen in the extract. Other studies have investigated the association between memory B cell positivity and serum antibody positivity for 2 peptides derived from 1 P. falciparum blood-stage antigen [50] and for a selection of recombinant blood-stage antigens [36] . The sample sizes in both of these studies were small ( , n p 15 for each), however, and no comparisons to a nonmalarial antigen were made; thus, analyses similar to ours are not possible with those data.
Surprisingly, despite the correlation between age and AMA1 antibody levels, there was no such correlation between AMA1-specific memory B cell frequency and age (figure 4). One plausible explanation for this phenomenon and for the presence of so many donors positive for antibody yet negative for memory B cells is that AMA1-specific memory B cells are specifically retained in lymphoid tissues and do not circulate in some donors, a phenomenon for which there is precedent [51] . This retention occurs with T cells during clinical episodes of malaria [52] ; thus, current or recent parasitization would be one of the more likely causes of memory B cell retention. However, of those analyzed for AMA1-specific memory B cells, only 6 children were positive for parasites, and of those analyzed for MSP1 19 -or CIDR1a-specific memory B cells, even fewer were positive-too few to explain possible B cell retention in our population. Additionally, being positive for AMA1 (or CIDR1a) antibody yet negative for memory B cells was not associated with time since last documented clinical episode of malaria or number of clinical episodes during the previous season or the previous 2 seasons (data not shown). Although it is difficult to rule out the possibility that recent or current low-level asymptomatic parasitization results in specific retention of AMA1-or CIDR1a-specific memory B cells in lymphoid tissues, the data at hand do not support this explanation. An alternative explanation is that repeated exposures do not result in long-lasting B cell memory. Perhaps repeated stimulation by malarial antigens sometimes results in all specific memory B cells being converted into effector cells, or perhaps the polyclonal activation of B cells by CIDR1a domains [26] could compete with the maintenance of specific memory B cells or inhibit class switching to IgG, as polyclonal B cell activation during viral infection in a mouse model would suggest [53] . Our data do not distinguish between these possibilities well; nonetheless, they reveal evidence that is suggestive of defects in memory B cell populations that warrant further study.
